PACS number(s): 73.21. La, 73.63.Kv, 71.70.Ej, 73.23.Hk We use tunneling spectroscopy to study the evolution of few-electron spin states in parallel InAs nanowire double quantum dots (QDs) as a function of level detuning and applied magnetic field. Compared to the much more studied serial configuration, parallel coupling of the QDs to source and drain greatly expands the probing range of excited state transport.
INTRODUCTION
Tunneling spectroscopy applied to quantum dot (QD) systems is today a standard tool to extract information on electron orbitals and spins, and how these relate to various material properties [1] [2] [3] . In recent years, there has been a particular interest in tunneling spectroscopy of double QDs (DQDs) in materials with strong spin-orbit (SO) interaction [4] [5] [6] . Such we find that for a given inter-dot tunnel coupling, the energy for the S(2,0)-T(1,1) avoided crossing is considerably higher compared to the S(1,1)-T(1,1) avoided crossing in the same system [17] ; where the former is a result of a first-order tunneling process between the QDs, and the latter is second-order.
Transport calculations based on a DQD model with one orbital in each QD, and with parameters extracted from the experiment, fully reproduce the measured transport spectrum including the ground and excited state evolution as a function of detuning and external magnetic field.
Finally, we also investigate the 2-3 electron transition, and observe a mirroring of the transition energies compared with the 1-2 electron transitions. This is expected as these transitions involve transport from 2-electron to 3-electron states, where the latter can be viewed as hole equivalents of the 1-electron doublet (D) states. By resolving all relevant transitions involving the first pair of orbitals, we thus provide experimental verification of theoretical predictions found in the literature on the evolution and interaction of these states [18] .
II. RESULTS AND DISCUSSION
The QD structure studied in this work is obtained by controlling the crystal structure of InAs during epitaxial growth of nanowires [16, 19, 20] . The nanowire leads, and the QD itself, have zinc-blende (ZB) crystal-phase, whereas the tunnel barriers consist of 20-30 nm long segments of wurtzite (WZ) InAs [17] . The enclosed ZB segment has a hexagonal shape, with an axial length of around 5 nm and a diameter of 70 nm, Fig. 1(a) .
The WZ tunnel barriers provide reasonably hard-wall barriers to source and drain, with a conduction band offset of approximately 100 meV [19] [20] [21] . A set of three gate electrodes -a back-gate (BG) and two side gates (L, R) -are used to control the potential profile within the ZB segment, Fig. 1(b) . The potential can be modulated such that the segment can host either one or two QDs, with a one-electron inter-dot tunnel coupling, t, tunable over an order of magnitude, 0.15 meV < t < 1.5 meV [16, 17] . We focus this study on a regime with rather weak inter-dot tunnel coupling, 0.15 meV < t < 0.30 meV and on transport through the very first electron orbital in each QD, Fig. 1(c) . In contrast to most other works, we thus do not rely on the assumption that lower-energy spin-paired electrons can be neglected. In serial DQDs, where current levels are much lower, such characterization typically requires the presence of an integrated charge detector [22] . Moreover, owing to a relatively high sourcedrain resistance of the device, R > 500 kΩ, and a low electron temperature, T el < 100 mK, both the lifetime-and thermal-broadening of the levels are much smaller than the singleparticle level spacing, which allow high-resolution spectroscopy. Table 1 . We note that there is a rotation of the features compared to the 2-electron states in Fig. 3(c) , which is a consequence of detuning of the 1-electron states. Furthermore, some additional lines appear because of transport processes starting from spin-split 1-electron excited states (discussed below). coupling t between the two dots, as well as on the spin-orbit coupling which causes spin flips [17, 23] . In this study, because of the relatively small t = 170 µeV, we extract correspondingly small values for the two avoided S-T crossing energies, Δ ST = 80 µeV. It is important to note that, in addition to the ground-state (GS) to excited-state (ES)
transitions marked in Fig. 3(f, g) In the last data set we focus on the 2-3 electron transition, which is better resolved at the (1,1)-(0,2)-(1,2) triple-point, and at negative V SD = -2.5 mV (Fig. 4) . A general conclusion is that we observe a mirroring of the spectrum relative to Fig. 3 , which is expected due to the two-fold spin degeneracy of each involved orbital. Transitions from a three-electron state to a two-electron state by removing an electron can here be seen as the hole-equivalent of transitions from a one-electron state to a two-electron state by adding one electron. Figure   4 (b), recorded at B = 0 T, reveals a very clear avoided singlet-crossing, and a T(1,1) state that cuts through the gap. However, as the inter-dot tunnel coupling now is stronger (t = 300 µeV), the S-T avoided crossings at B = 1 T partly overlap with the avoided singlet-crossing, and are difficult to resolve. At a higher field, B = 2 T, all three avoided crossings can be resolved, and we find that the spectrum is similar to Fig. 3(f) , although mirrored in both planes. For this data set we extract a Δ ST = 130 µeV, and an average |g|-factor of 9.1 for the T(1,1) transitions.
Most transitions in Fig. 4(d) Finally we note that for a given Δ ST the associated t is here a factor of 5-10 smaller than in
Nilsson et al. [17] , where the S(1,1) -T(1,1) avoided crossing was studied for the same DQD.
In that case the two states mix through second order tunneling processes between the QDs, scaling with Δ ST ~ tt so /U, where t so = αt is the tunneling element between the dots involving a spin-flip and U is a function of the inter-and intradot Coulomb energies; whereas S(2,0) -T(1,1) mixes in first order (αt). Additionally we find a significant difference in the spin-orbit coupling term, α, in the model for the two cases, which could be due to a different spin-orbit vector induced by changes in the electric field and the shapes of the QDs. 
III. SUMMARY AND CONCLUSIONS
In summary, we provide high-resolution excited state spectroscopy of few-electron transitions in parallel InAs DQDs. Very strong and stable QD confining potentials allow transport studies with significant QD level detuning, starting from completely empty QDs. An external magnetic field spin-splits the T(1,1) states, and we can resolve transport through T + , T 0 , as well as the T -state for energies where T -is hybridized with S(2,0) via spin-orbit coupling. shift with V SD . The subscript "b" denotes bonding orbital, whereas, "ab" denotes anti-bond.
